The roan coat color pattern is described as the presence of white hairs intermixed with pigmented hairs. This kind of pigmentation pattern has been observed in many domestic species, including the goat. The molecular mechanisms and inheritance that underlie this pattern are known for some species and the KITLG gene has been shown associated with this phenotype. To date, no research effort has been carried out to find the gene(s) that control(s) roan coat color pattern in goats. In the present study, after genotyping with the GoatSNP50 BeadChip, 35 goats that showed a roan pattern and that belonged to two Pakistan breeds (Group A) were analyzed and then compared to 740 goats of 39 Italian and Pakistan goat breeds that did not have the same coat color pattern (Group B). Runs of homozygosity-based and XP-EHH analyses were used to identify unique genomic regions potentially associated with the roan pattern. A total of 3 regions on chromosomes 5, 6, and 12 were considered unique among the group A versus group B comparisons. The A region > 1.7 Mb on chromosome 5 was the most divergent between the two groups. This region contains six genes, including the KITLG gene. Our findings support the hypothesis that the KITLG gene may be associated with the roan phenotype in goats.
Introduction
Genetic studies of coat color and color patterns have been conducted in many domestic animal species. The genetic basis of pigmentation is complex and may involve several genes that can act on several steps of melanogenesis. One of the results of the modulation of the melanocyte activity is the roan pattern, described as presence of white hairs intermixed with pigmented hairs. This pattern gives rise to individual phenotypes that range from almost white to almost completely pigmented. The roan pattern can be confused with ticking pattern, which is characterized by flecks or spot of color on white area. So far, for the roan pattern, both the KITLG gene in Belgian blue cattle (Seitz et al. 1999; Li et al. 2016 ) and the KIT gene in horses (Dürig et al. 2017; Brooks and Bailey 2005; Marklund et al. 1999 ) and pigs (Fontanesi et al. 2010; Cho et al. 2011 ) have been reported, whereas no genes have been detected as candidate genes for the ticking pattern.
Goats are one of the most important livestock species in developing countries because of their adaptability to different environments. Goats also display a high degree of genetic variability in coat color patterns. To date, only a few SNPs in 20 genes involved in coat color have been considered for their ability to discriminate among goat breeds (Nicoloso et al. 2012 ) and associations of SNPs and CNVs (Copy Number Variations) to red, black and white colors phenotypes have been reported for the ASIP and MC1R genes (Fontanesi et al. 2009a, b) . No study has been tailored to detect genomic regions associated with the roan pattern in goats.
The present study focuses on the roan pattern seen in the Barri and Beetal Muki Cheni Pakistani breeds. The primary purpose of this investigation was to uncover the genomic region(s) that could be responsible for this pattern and to determine the gene(s) likely responsible for these phenotypes.
Material and Methods

Sample Collection and Genotyping
No animals were sacrificed for this study. Blood samples for Italian goats were collected according to the recommendations of the Council of Europe (1986) concerning animal care. Animals were sampled from different farms in Italy and Pakistan. Italian goats were sampled in order to be as much unrelated as possible and offer a wider sample. Pakistani goats were sampled by PMAS University staff lead by Dr. Mouaeen-ud-din within the villages of Pakistanuder the approved Iowa State University animal care protocol. A total of 929 animals belonging to 41 different breeds were considered in this study (Supplementary Table S1 ): 1) 369 animals and 15 breeds from Italy, described by Nicoloso et al. (Nicoloso et al. 2015) . 2) 560 animals of 26 breeds from Pakistan including the small roan like spotted coat pattern Barri and Beetal Muki Cheni breeds ( Figure  1a and b).
DNA was extracted using commercially available kits and DNA samples were genotyped using the GoatSNP50 BeadChip (Illumina Inc., San Diego, CA) (Tosser-Klopp et al. 2014) . SNPs with low call rate (< 95 %), nonpolymorphic in all populations (minor allele frequency of 0 %) and not mapped to the assembly or on the X chromosome were excluded from subsequent analyses using Plink v1.9 (Chang et al. 2015) . After the exclusion of low quality markers, all animals with call rates < 95 % were excluded from the dataset. Multidimensional scaling (MDS) was calculated using the cluster algorithm of Plink v1.9 (Chang et al. 2015) . Duplicated and related animals were identified using an in-house script and removed if Identity by State (IBS) > 99% and Discordant Homozygotes (also known as Mendelian Errors, ME) ≤ 100. Analyses were performed by dividing all breeds into two groups: Group A, which was composed of the two breeds that showed the roan pattern (Barri and Beetal Muki Cheni), and the Group B, which was composed of Italian and Pakistan breeds with different coat color patterns. Genotypes in the resulting dataset were imputed and phased using Beagle v3.3.2 software considering one breed at a time (Browning and Browining, 2007; 2008) .
Runs of Homozygosity and ROH Comparison
The screening for the low heterozygosity regions across the genome was conducted for the two groups using the plink V1.9 software (Chang et al. 2015) . The analysis was performed using 20 SNPs sliding windows (command --homozyg-snp), allowing no heterozygotes in each (--het 0). The number of homozygous animals at each marker was then normalized dividing that number by the total number of goats included in the analysis, obtaining a locus homozygosity score (H) ranging from 0 (0 %) to 1 (100 %). The H score at each SNP calculated for the Group A was then compared with the H scores of all other populations calculated separately following the same parameters previously described (dROH analysis). This comparison was performed applying the formula reported in Bertolini et al. 2016 , obtaining a dH score that was then used to find the markers that most distinguish the Group A against all other breeds in Group B. Only regions with an H score value > 0.46 for the group A and a dH score value > 3.39 for the ROH comparison, which represented the top 0.2% of all SNP, were considered highly homologous for the ROH analysis and highly divergent for the ROH comparison respectively. These regions were then investigated for genes using most recent gene annotation available for Capra hircus genome (ARS1; Bickhart et al. 2017 ) and screened for the region of interest using the Bedtools software (Quinlan and Hall 2010) .
Haplotype Analysis and Gene Annotation
Single SNP Cross-Population Extended Haplotype Homozygosity (XP-EHH) was calculated using the Selscan software (Szpiech and Hernandez 2014) . This method compared the integrated EHH at each marker between two different populations, allowing the detection of strong, directional selection of one allele in one of the two populations while remaining polymorphic in the other (Sabeti et al. 2007 ). Ancestral alleles were determined considering 15 wild animals of other Capra species including 8 Capra ibex and 7 Capra Aegagrus genotyped with the same SNPchip (data not shown).
All markers with normalized XP-EHH score above 3.09 (top 0.2 %) were considered as relevant and only the regions above the threshold that were concordant with the regions detected through the ROH analyses were considered for further investigations.
Results
The initial dataset contained 53 347 SNPs: among the 50 619 autosomal SNPs, 3213 did not pass the quality-filtering steps. Animal filtering removed 72 individuals due to low call rate, 1 animal was excluded because it was duplicated and 82 animals were excluded because of high relatedness with other animals. After data editing, a total of 47 406 autosomal SNPs, 35 goats in Group A and 740 goats in Group B were retained. The MDS plot, produced on the imputed dataset (Supplementary Figure S1) , showed a clear separation between breeds raised in Italy and Pakistan, with no overlap between the two major clusters.
Runs of Homozygosity
Using the selected thresholds previously mentioned, six ROH with normalized H scores ≥ 3.4 were considered regions of high homozygosity in the group A (Figure 2, Supplementary Figures S2-5 (Figure 2) : the 1.7 Mb region on chromosome 5, the 230.0 Kb region chromosome 6, and the 308.19 Kb region on chromosome 13. The region on chromosome 5 contained 9 genes, the region on chromosome 6 contained 1 gene and the region on chromosome 13 contained 4 genes. The full list of the 14 genes included in these 3 regions is reported in Supplementary Table S2 . Among these genes, a marker on chromosome 5, which had the max H value of 0.71 (snp14289-scaffold157-1998233, 18 127 496 bp), was located within the KITLG gene (from 18 044 632 to 18 151 924 bp).
Haplotype Analysis
The XP-EHH analysis was performed to discover regions of the genome that were under strong directional selection. Normalized XP-EHH analysis identified a total of 18 regions of the genome with more than 1 consecutive SNP that were under strong directional selection (Figure 2, Supplementary Table S3 ). Among these, the longest region was located on chromosome 5, from 18 127 496 to 19 478 621 bp. This region overlaps the region identified by ROHbased analyses and contained the KITLG gene. These results indicate that this region (and gene) was under strong selection. In addition, no other regions were in common with the ROH identified region, which, highlights the importance of this region.
Discussion
Runs of homozygosity analyses identified several regions of the genome that might be associated with roan coat color. The region with the highest H score for Group A was on chromosome 5, in a 1.7 Mb region from 17 448 053 to 19 198 567 bp, which included a genetic marker within the KITLG gene sequence. This region was also identified by standardized H score analyses, which compared the ROH in the two populations pooled together with all other ROH in all other populations. Furthermore, this same region was identified by XP-EHH. This approach also identified several other regions that were not found using ROH, which indicates that those signals were either nonspecific or the result of different selection forces. Finally, even after removing animals from Italy and the most divergent from Pakistan based on the MDS plot, the results still confirm this region.
An additional clue of the potential involvement of this gene in this pigmentation pattern is given by the minor allele frequency of the marker within the KITLG gene sequence (snp14289-scaffold157-1998233; 18 127 496 bp). This marker was completely fixed in the Group A (MAF = 0), whereas it was variable in Group B individuals (MAF = 0.294).
The KIT ligand (KITLG) gene is known as Mast Cell Grow Factor (MGF) or Stem Cell Factor (SCF) and it is involved in and can affect many biological processes, such as hematopoiesis, gametogenesis and melanogenesis. The KITLG gene affects pigmentation in both human and mice (Guenther et al. 2014) . A missense mutation in the 7 th exon of this gene was associated with the roan phenotype in cattle (Seitz et al. 1999) . The genetic basis of the roan pattern has also been studied in the horse and pig, but no mutation in the KITLG gene has been associated with the roan phenotype, whereas the KIT gene has been found as the major candidate for these species (Fontanesi et al. 2010; Cho et al. 2011; Marklund et al. 1999) . Cattle and goats belong to the same Bovidae family, have the same number of chromosomes and few rearrangements at the genomic level (Cribiu et al. 2001; Dong et al. 2013; Schibler et al. 2009 ). Therefore, it is not unusual to find similarities both at the genetic and biological level. Polymorphisms in the KITLG gene have already been associated with litter size in goat . No phenotypic information about litter size was available in our dataset, and therefore this possible association could not be tested with this present dataset.
Conclusions
The results of this study indicate that a region that includes KITLG gene has undergone a loss of variability in two caprine populations that exhibit the roan pattern. Particularly, a SNP located within the gene is monomorphic in the roan group compared to many other breeds. These results indicate that KITLG gene is the likely a strong gene candidate for this roan pattern phenotype in goats and should be investigated further.
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